A series of aluminum films, deposited on ionic liquid surfaces by a thermal evaporation method, has been fabricated and its surface morphology as well as microstructure has been investigated in this work. Experimental results show that the quasi-circular aggregates form naturally in a continuous films during deposition. The aggregates are composed of a large number of crystallized metal grains and the area outside of the aggregates exhibits amorphous structure. The experiment indicates that the growth of the quasi-circular aggregates results mainly from two ways: (1) capturing crystal grains, deposited atoms, or amorphous clusters; (2) coalescing of the aggregates.
Introduction
Many previous studies illuminate that the surface morphology and microstructure of metallic films on solid substrates highly depend on the deposition method, property of the substrates and deposition conditions. [1] [2] [3] Experimental results showed that the microstructure of sub-monolayer thin films on solid substrates is mainly determined by the nucleation and aggregation characteristics of the deposited atoms.
Over the past decade, vapor phase deposition of metals on silicone oil substrates has been studied systematically. [4] [5] [6] [7] [8] The experiments show that the films deposited on the liquid substrates may exhibit characteristic surface morphologies and plentiful physical properties. 5, 6, [9] [10] [11] All the anomalous properties of these free sustained films are closely related to liquid substrates surfaces, because the surface types define the physical properties of objects including internal stress, interaction among the atoms, friction, collision and so on. 5, 12, 13) Ionic liquids are known as a salt in the liquid state. Compared with the traditional solvents, ionic liquids possess the unique physical and chemical properties, including relatively low viscosity, negligible vapor pressure, low melting point, high electrical conductivity, excellent chemical and thermal stabilities, and so on. [14] [15] [16] Viscosity is an essential physical property of ionic liquids. When used as a solvent, a low viscosity is generally desired to minimize pumping costs and increase mass transfer rates. Like conventional liquids, the viscosity of ionic liquids is a strong function of temperature. [17] [18] [19] [20] Currently functional ionic liquids with peculiar physicochemical characteristics have been one of the hot topics. [21] [22] [23] Usually, metals are polycrystalline or even single-crystalline. Pure metals apparently do not form a stable or metastable amorphous state, except as films on very cold substrates and apparently only with small amounts of impurities. [24] [25] [26] But it has been found experimentally that in cases where the melt is an alloy of either (i) two or more metallic compounds, or (ii) of one or more metallic compounds, plus one or more so-called glass formers such as B, P, Si, C, or other so-called metalloids, then a sufficiently rapid quench from the temperature of the liquid state to much lower temperatures, which may be in the region of room temperature, typically leads to so-called amorphous metals. 27) In this paper, we report the experiments on the surface morphology, growth mechanism and microstructure of the aluminum films deposited on the ionic liquid surfaces by thermal evaporation method. It has been observed a lot of quasi-circular aggregates existed in a continuous film. The aggregates consist of numerous crystal grains. However, the outer area of the aggregates is almost amorphous, which is quite different from those of the other systems. 7, 28) The growth process of the quasi-circular aggregates is discussed and the formation mechanism of the anomalous microstructure of the film is studied systematically.
Experimental Methods
The samples were prepared by thermal evaporation of 99.99% pure aluminum in a vacuum of about 5 Â 10 À4 Pa at room temperature. A drop of ionic liquid ([bmin]BF 4 ) with a vapor pressure close to zero at room temperature was painted onto a frosted glass surface, which was levelly fixed 250 mm above the evaporating filament (tungsten). The ionic liquid substrate with an area about 12 Â 12 mm 2 had a uniform thickness of $0:5 mm. The deposition rate f for all the samples was 0.1 nm/s and the nominal film thickness d was in the range of 2.0-12.0 nm, which were determined by a quartz-crystal balance located near the substrate. After deposition, the samples were immediately removed from the vacuum chamber. All images for the surface morphologies of the samples were taken with an optical microscopy (Leica DMLM), equipped with a CCD camera which was interfaced to a computer for data storage and data processing. The films were then separated from the ionic liquid substrate and washed carefully with acetone. After that, the atomic force microscopy (AFM; Veeco DI 3000) and the transmission electron microscope (TEM; JEM-2010 equipped with 200 kV accelerating voltage) measurements were performed immediately for the as-prepared samples. The grain size and its distribution were measured by the AFM software. TEM was used to study the film microstructure of the as-prepared samples. The selected-area electron diffraction (SAD) analysis was performed to examine the micro-zone structures in different regions. Figure 1 shows the typical optical morphologies of the Al thin films with different nominal thickness d, deposited on the ionic liquid surfaces. For each sample, it can be observed that a large number of the quasi-circular aggregates (bright parts) with different diameters exist in the continuous films. The size of the aggregates is about a few microns and it gradually increases with d. The number density n of the quasi-circular aggregates is almost unchanged for d 6:0 nm and then starts to drop quickly with the nominal thickness d. One can find easily that the color of the aggregates is obviously brighter than that of the other regions. Therefore, we speculate that the matter densities or structures in and out of the aggregates are quite different. From Fig. 1 , it is also observed that the outer edges of the aggregates exhibit radial corrugations which mainly results from the relaxation of the compressive stress. During deposition, the liquid structures naturally expand due to the heat radiation from the filament and the bombardment of the depositing atoms.
Results and Discussion
11) Subsequent cooling of the system also creates a very high compressive stress in the films because the thermal expansion coefficient of the ionic substrates is much lager than that of the metallic films. 29) The high compressive stress may relieve during the film breaks naturally or with an external force, and then radial corrugations may occur.
In order to understand the microstructure and the formation mechanism of the Al films deposited on ionic liquid substrates, we investigate the samples using AFM and the related results are shown in Fig. 2 . The AFM experiment shows that the surface morphologies in different regions are obviously non-uniform and the matter density of the quasicircular aggregates is larger than that of the outer areas [see A series of experiments were performed for further understanding the formation mechanism of the Al film. The deposited films were monitored by TEM and the results are shown in Fig. 3 . The most interesting phenomenon in this experiment is a typical coexistent microstructure of the crystallized state and amorphous state in a sustained film is observed simultaneously. The aggregates are quite dense as well as shown in AFM image and are composed of numerous crystallized metal grains. It can be found in Fig. 3(b) that the crystal lattice fringes are observed clearly within the aggregate, the lattice fringe spacing is about 2.4 # A, it is corresponds to the reported value for Al metal very closely. The size of the crystal grains is about 5.0-25.0 nm. However, most of the outer area of the aggregate is amorphous [the arrow in Fig. 3(b) indicates the boundary between the aggregate and its external area]. This characteristic micro- structure has never been observed in other film systems deposited on the silicone oil surfaces. 7, 28) It should be noted that the electron diffraction pattern of the aggregate shows the coexistence of diffraction-ring and diffraction dots [denoted by the inset in Fig. 3(b) ], while that of the outer area of the aggregate just shows the diffractionring [see the inset in Fig. 3(c) ]. These phenomena shown above mean the aggregate with a high degree of crystallization. From Fig. 3(c) , one can see some small crystal grains [as shown in Fig. 3(d) ] among the amorphous parts and their distribution is inhomogeneous, that is the reason why shows the diffraction-ring in this region [inset in Fig. 3(c) ]. As mentioned above, pure metals are polycrystalline or even single-crystalline and apparently do not form a stable or meta-stable amorphous state at room temperature, then it is interesting to discuss the formation mechanism of such microstructure.
According to the experimental results above, we suggest that the unusual microstructures shown in Fig. 3 should be related to the physical properties and parameters of the ionic liquid substrate, such as surface viscosity, surface tension, surface energy, kinetic energy of liquid molecules and so on, which significantly affect the morphology, microstructure and formation of metallic films. Meanwhile, the kinetic energy of the deposition atoms may be also an important reason. In most cases, thin films are grown under experimental conditions far from equilibrium. Film growth and the resulting morphology will then be governed by the kinetic effects. 30) In the beginning of deposition, the atoms with different energy are deposited on the liquid surfaces randomly and the concentration of the ad-atoms increases with time. When these atoms with less energy deposited on the liquid surfaces, the kinetic energy of atoms will be dissipated by the liquid molecules immediately. Thus, due to such a quick quenching process, 10,11) they have not enough energy to overcome crystalline barrier and to form a crystal nuclei, and then huge number of amorphous grains form naturally. In the meantime, these deposited atoms with more energy can migrate quickly over the liquid surfaces and form crystal nuclei upon encounter. The crystal nuclei grow gradually and then crystal grains form by capturing a large number of neighboring atoms. When these crystal grains meet, they will adhere to each other and form a small quasi-circular aggregates due to the effect of boundary free energy. Because the crystal nuclei are composed of the atoms with higher energies, the local temperature of the aggregates may be higher than that of the outer area of aggregates. Then the atoms with less energy deposited on the aggregates are also easy to crystallize, even the amorphous clusters outside of the aggregates may be crystallized when they adhere with the aggregates due to the annealing at this temperature. The concentration of materials along the circumference was lower than that in its neighboring area because of crystallization. The temperature along the circumference was higher than that in its neighboring area because of the latent heat. Thus, due to both concentration and temperature gradient fields, a directional diffusion of Al atoms or small clusters towards the circumference occurred continuously. In this way, if the deposition continues, the deposited atoms, crystal grains, or amorphous gains still move and adhere upon collision and then form a larger one. It is reasonable to point out that with the increase of the deposition period, in other words, as d increases, the adhesion probability of aggregates increases. If two quasi-circular aggregates contact each other, they will coalesce into an even larger one which we will discuss detailed in the later. In viewing of this, we propose the growth of the quasi-circular aggregates results from two kinds of coarsening mechanism, i.e., capturing crystal grains, deposited atoms, or amorphous clusters and the coalescing of aggregates.
As to the presence of small metal grains in the outer region of the quasi-circular aggregates, there exist two possibilities. One is, the ad-atoms with high kinetic energy deposited on the surface out of the quasi-circular and form crystal nuclei and then a crystal grain before the ending of deposition, and these small grains have no enough time to grow up to form a new small aggregate. On the other hand, the local temperature of the ionic liquid surfaces rises during deposition. The slight temperature gradients in the liquid substrates might bring about the decrease of the ionic liquid viscosity. It benefits the deposited atoms tend to diffuse and form the crystal nuclei and then crystal grains on the liquid surfaces. In addition, small amorphous clusters may also be crystallized due to the annealing of such high local temperature.
For further investigating the growth mechanism of the quasi-circular aggregates, statistical measurements on the diameters of the aggregates are performed over a wide range of the nominal thickness d. Figure 4 shows the size distributions of the aggregates with d. As shown in Fig. 4(a) , the diameter distributions are found to resemble the Gaussian distribution, in which the mean diameters È m of the aggregates is about 3.5 m. The size distributions of the aggregates shown in Fig. 4(b) appear an interesting We also observe that with the increase of d, the multiple peaks may emerge and the multiple relations among the corresponding diameters of the peaks become obvious. According to these experimental results, we suggest that the phenomenon shown in Fig. 4(b) is attributed to coalescence of the quasi-circular aggregates, i.e., if two of them touch or collide, they will coalesce into a larger one. The inset in Fig. 4(b) is an intermediate stage of the coalescence process. We consider that within the error limits the total area of two aggregates, prior to and after coalescence, remains constant, so the multiple relations can be satisfied yet in this case.
To obtain more quantitative description of the growth process of the aggregates in the films, the relation between the average areas of the quasi-circular aggregates S ag as a function of d is also measured (see Fig. 5 ). By varying the film thickness d from 2.0 to 6.0 nm, it can be seen in Fig. 5 that S ag increases gradually with d, then S ag exhibits a rapid increase, and a power law behavior is observed (d > 6:0 nm). We speculate that the experimental results shown in Fig. 5 are closely related to the growth mechanism of the films presented in this work.
As motioned above, the growth of the quasi-circular aggregates results from two kinds of coalescing mechanism, i.e., capturing crystal grains, deposited atoms, or amorphous clusters and the coalescing of aggregates. In general, two quasi-circular aggregates meet very rarely in the initial stage of the coarsening process, most of the aggregates may diffuse randomly and separately on the ionic liquid surface and the number density n of the quasi-circular aggregates is almost independent of d [for d < 6:0 nm, see Figs. 1(a)-1(d)]. Therefore, for d < 6:0 nm, we propose that the quasi-circular aggregates grow gradually by capturing crystal grains, deposited atoms, or the amorphous clusters. In this case, the increment of the surface coverage dC may be given by
where t is the deposition time, f t ¼ d, K a parameter related to the microstructure of the aggregates. As motioned above, film growth is governed by the kinetic effects, 30) therefore we can assume that K is almost unchanged when the deposition rate f is a constant. It is apparent that C / nS ag , therefore, integrating eq. (1) yields
Actually the experimental data with d 6:0 nm in Fig. 5 can be fitted by eq. (2) very well. With increasing the size of quasi-circular aggregates, the probability of the two quasi-circular aggregates encountering increases and the quasi-circular aggregates grow mainly by coalescing. From Fig. 1 we can easy to see the number density n of the quasi-circular aggregates drops quickly with d (d > 6:0 nm). In general, the diffusion coefficient D is correlated with cluster or aggregate size as D / S À . [31] [32] [33] It is found that at long times, the average cluster radius obey r / t , where ¼ 1=2ð þ 1Þ. In this expression, and are exponents which are dependent on the microscopic mechanism underlying the movement of the clusters. 34 ) For d > 6:0 nm, we can see in Fig. 5 , a power law behavior
is observed, and the deduced exponent for the Al film is about 0:48 AE 0:12 which is much lager than those of the other film systems deposited on solid substrate. 30) In other words, is about zero, which means the diffusion coefficient D is almost independent of aggregates areas. We propose that the interaction force between the Al films and the ionic liquid substrates is much smaller than that on the solid substrates, therefore the Al aggregates can diffuse and rotate randomly on the surface of the ionic liquid substrate. 
Conclusion
In summary, we have described the growth mechanism and microstructure of the Al films on the ionic liquid surfaces. A larger number of quasi-circular aggregates formed naturally in the continuous films. The average area of the quasi-circular aggregates S ag increases gradually with d (d < 6:0 nm), and S ag can be well fitted by the equation: S ag / 1 À e ÀKd . For d > 6:0 nm, S ag exhibits a rapid increase, and a power law behavior S ag / d 2 is observed, combined with ¼ 0:48. We suggest that the growth of the quasi-circular aggregates results from two kinds of coarsening mechanism, i.e., capturing crystal grains, deposited atoms, or amorphous clusters and the coalescing of aggregates.
The typical coexistent microstructure of the crystallized parts and amorphous parts is observed in the sustained films. Each quasi-circular aggregate consists of numerous crystal grains, and is quite dense as well, while most of the outer areas of aggregates are amorphous. The size of the crystal grains is about 5.0-25.0 nm. The experimental results suggested that the characteristic microstructure of the system should be closely related to the energy of the deposited atoms and characteristic properties of the ionic liquid surfaces.
